Introduction vesicles all require NSF and ␣-SNAP for fusion, and all require organelle specific v-and t-SNAREs and Rab The homotypic fusion of endoplasmic reticulum (ER) proteins. The regulated subset of vesicle fusion events membranes is crucial for normal cell division and mainare characterized by the presence of additional moletenance of an intact organelle. In yeast, there are at least cules, such as the synaptic vesicle fusion-specific sythree principal membrane fusion events that involve the naptotagmin (Sö llner et al., 1993) . These findings have ER and the contiguous nuclear envelope: the constitubeen summarized in the SNARE hypothesis, which reptive maintenance fusion of ER fragments, the fusion of resents an attractive model to explain the vesicle-and nuclear envelope reticulum during cell division, and target organelle-specific interactions (Rothman and Warren, 1994) . the fusion of nuclei after cell fusion (karyogamy). Initial
The homotypic (or self-) fusion of entire organelles studies using in vitro reconstituted ER membrane fusion is less well understood. The constitutive fusion of ER assays demonstrated that these membrane fusion membranes in yeast does not require Sec18p (NSF) and events differ in some protein requirements from the fuSec17p (␣-SNAP) . Insion of intermediate transport vesicles with their specific stead, it requires the Sec18p homolog Cdc48p, a 92 target membranes (Kurihara et al., 1994 ; Latterich and kDa homohexamer-forming ATPase that in part is pe- Latterich et al., 1995) .
ripherally associated with membranes such as the ER The vectorial fusion of transport vesicles with their (Frö hlich et al., 1991; Latterich et al., 1995) . Cdc48p's target membrane requires two cytosolic factors, namely mammalian ortholog, p97 (VCP or transitional ER ATPase), N-ethylmaleimide sensitive factor (NSF [Sec18p] ) and is also necessary in conjunction with the p97 complex soluble NSF attachment protein ) component p47 (Kondo et al., 1997) . NSF and ␣-SNAP (Weidman et al., 1989; Sö llner et al., 1993) . This vesicle function in the fusion of postmitotic (Rabouille et al., fusion event is characterized by sequential protein-protein 1995) and drug-induced (Acharya et al., 1995) small interactions between NSF, ␣-SNAP, and target organGolgi vesicles to reform large Golgi cisternae. elle-and vesicle-specific integral membrane proteins, Combined, these findings suggest that either the referred to respectively as t-and v-SNARES (SNAP recepmembrane structure or curvature, or the fact that certain tors) (Rothman and Warren, 1994; Hay and Scheller, 1997) .
organelle membrane fusion events may be subject to Experimental evidence from a number of laboratories signal-induced regulation, warrant the use of different suggests that the target organelle-specific t-SNARE proteins for docking and fusion. The organelle mem-(syntaxin homolog) binds to a vesicle-localized v-SNARE brane-fusion events are distinct from vesicle to organ-(synaptobrevin homolog), enabling a specific and stable elle membrane-fusion events in the case of the ER and association between a vesicle and the target membrane.
have partially different protein requirements, as is exemSubsequently, ␣-SNAP and NSF are recruited to the plified in the case of the mammalian Golgi complex. The question remains if these differential protein requirements indicate that the homotypic organelle membrane fusion differs mechanistically from the heterotypic vesicle to organelle membrane fusion, perhaps by utilizing an entirely different fusion machinery? Or do these differential protein requirements reflect different regulatory mechanisms, and are the actual downstream fusion molecules and mechanisms identical? If organelle membrane fusion were indeed similar to vesicle membrane fusion, we would expect it to require SNARE molecules (Rothman and Warren, 1994) . One syntaxin homolog (t-SNARE) had previously been localized to the ER and implicated in the fusion of retrograde carriers with the ER (Lewis and Pelham, 1996) . This protein, Ufe1p, is a 41 kDa protein, which is anchored in the ER membrane via a type II C-terminal transmembrane heptad repeat regions and two coiled-coiled motifs that, and ufe1-1 mutant strains (filled squares) is in vitro temperature together with the type II transmembrane anchor and a sensitive. gls1-1 donor membranes (MLY1601) or ufe1-1 gls1-1 region of homology to the syntaxin family of proteins, membranes from strain MLY2600 were incubated with acceptor classify it as t-SNARE.
membranes derived from a temperature-sensitive ufe1-1 mutant strain (MLY103) or derived from a wild-type strain (MLY1600). All strains were grown at the permissive temperature of 24ЊC prior to membrane isolation. Membranes were incubated in the presence
Results
of an ATP regenerating system as described before and at the temperatures indicated. Every coordi-
ER Membranes from a ufe1-1 Mutant Exhibit
nate represents triplicate fusion assays from at least two indepenUnilateral ER Membrane Fusion Defect dent membrane preparations.
One syntaxin homolog (t-SNARE) had previously been localized to the ER and implicated in the fusion of retrograde carriers with the ER (Lewis and Pelham, 1996) . In compartment needs to be ufe1-1 to exhibit a complete defect in ER membrane fusion at the restrictive temperaorder to investigate if the ER resident syntaxin homolog Ufe1p plays a dual role in both vesicle and organelle ture of 37ЊC (Figure 1 ). fusion, we isolated microsomal membranes from a temperature-sensitive ufe1-1 mutant strain and assayed for Anti-Ufe1p Antibodies Block Fusion of Wild-Type ER Membranes a defect in ER membrane fusion, as described before . In this assay, we mix
We investigated if antiserum raised against Ufe1p and added to wild-type microsomes inhibits membrane fusion. crude membrane fractions from strains that either lack or contain an ER-limited glucosidase that is responsible Wild-type membranes isolated from strains MLY1600 and MLY1601 were tested for fusion by preincubating for initiating the deglucosylation of newly-synthesized glycoproteins. Yeast prepro-␣-factor translocated into donor and acceptor membranes (75 g protein each) on ice in the presence of the indicated amounts of antithe lumen of glucosidase-deficient ER (gls1; donor membrane) is processed to the deglucosylated form only Ufe1p antiserum, His6-Ufe1p-⌬TM, or anti Sec61p antiserum. These additions were premixed to avoid inhibiwhen donor membranes fuse with an acceptor, glucosidase-proficient (GLS1) ER membrane, and their interlution of ER membrane fusion by free Ufe1p (see next section, below). Fusion was allowed to proceed at 30ЊC menal content mixes. We previously showed that oligosaccharide trimming is a direct measure of membrane in the presence of an ATP regeneration system and in a final volume of 50 l for 45 min. As expected for a profusion .
ER-enriched membranes were isolated from strains tein involved in ER membrane fusion, antisera against Ufe1p inhibited the fusion of ER membranes in a concen-MLY2600 (ufe1-1 gls1-1) and MLY103 (ufe1-1), which were grown at the permissive temperature of 24ЊC.
tration-dependent manner. This inhibition is successfully eliminated through competition for antibody bindThese membranes were tested for fusion by incubating donor and acceptor membranes (75 g protein each)
ing by the addition of a His 6 -tagged recombinant Ufe1 protein that has the transmembrane domain truncated at different temperatures in the presence of an ATP regeneration system and in a final volume of 50 l for to aid solubility ( Figure 2A ). If the antibody inhibition exhibited above was due to 45 min. Fusion of microsomal membranes that were isolated from an ufe1-1 strain grown at the permissive nonspecific steric interference of the antibody with the fusion process, we would expect antibodies raised temperature of 24ЊC occurred normally at temperatures up to 25ЊC, but drastically decreased at higher temperaagainst a nonfusion-related protein to inhibit ER membrane fusion. Sec61p is an integral ER membrane protein tures (Figure 1 ). This in vitro conditional mutant phenotype suggests that Ufe1p directly participates in the that functions in translocation (Deshaies et al., 1991) . Antiserum raised against the ER-localized translocation fusion of ER membranes and makes it less likely that a component essential for ER fusion will fail to recycle to pore Sec61p did not inhibit fusion of ER membranes, ruling out the possibility that the coating of ER memthe ER as a result of a retrograde trafficking defect. Furthermore, the in vitro conditional fusion defect is branes with antibody inhibited ER membrane fusion nonspecifically ( Figure 2B ). Anti-Ufe1p antibodies added to unilateral in nature, meaning that only one membrane Inhibition of ER membrane fusion of wild-type membranes with antiserum raised against Ufe1p (A) or Sec61p (B). gls1-1 donor membranes (MLY1601) were incubated with acceptor membranes derived from a wild-type strain (MLY1600) and the indicated additions for 10 min on ice. Membranes then were incubated at 30ЊC in the presence of an ATP regenerating system as described before . Every coordinate represents triplicate fusion assays.
only donor or acceptor membranes followed by washing shown), supporting the idea that Ufe1p interacts very tightly or even irreversibly with the ER membrane. also efficiently inhibited the fusion of wild-type membranes, suggesting that Ufe1p interacts with Ufe1p on the opposite membrane in a prelude to docking or fusion
ER-Localized v-SNARE Proteins Are Not Defective in ER Membrane Fusion (data not shown).
Taken together, these data show that ER membrane All previously documented cases of membrane fusion events that rely on SNARE molecules involve the associfusion can specifically be blocked by antibodies raised against Ufe1p, which further corroborates its newly asation between a v-SNARE and a t-SNARE (Rothman and Warren, 1994 ). Therefore, we tested if the fusion of ER signed role in ER membrane fusion.
membranes also relies on v-SNAREs that have previously been localized to the ER. The synaptobrevin-like Soluble Ufe1p Fragment Inhibits ER Membrane Fusion molecules Bet1p, Bos1p, Sec22p, and Ykt6p are found in the ER, from which they exit via COP II-coated vesiThe results of our competition experiments aimed at inhibiting the interaction of surface Ufe1 protein made cles in transit through the early secretory apparatus Søgaard et al., 1994 ; McNew et al., us notice that, above a certain concentration of the His 6 -tagged Ufe1p-⌬TM added, the His 6 -tagged Ufe1p-⌬TM 1997). Bet1p, Bos1p, and Sec22p are type II membrane proteins that are anchored into the lipid bilayer via a protein inhibited the fusion of wild-type membranes. We reasoned that the recombinant Ufe1 protein may bind C-terminal transmembrane domain. Ykt6p does not have a membrane-spanning domain but is prenylated to a specific protein on the ER membrane and competitively or irreversibly inhibit interaction of membrane asat the C terminus and thus can insert into the membrane (McNew et al., 1997) . Temperature-sensitive mutations sociated Ufe1p with its binding partner. When His6-tagged Ufe1p-⌬TM was added to wild-type membranes have been identified in the SEC22, BET1, and BOS1 genes that are defective in either anterograde or, in in a standard fusion reaction, a decrease in fusogenicity is noticeable with increasing amounts of His 6 -tagged the case of sec22-1, retrograde traffic. This defect is consistent with their role in vesicular docking or fusion. Ufe1p-⌬TM ( Figure 3A ). BSA dissolved in identical buffer, added at equal protein concentration as a control, ER membranes isolated from sec22-1, bet1-1, and bos1-1 mutant strains, as well as strains depleted of did not have the same effect on the fusion reaction. These data suggest that soluble Ufe1 protein can sucYkt6p, were tested for an in vitro defect in the above described ER membrane fusion assay at 24ЊC (permiscessfully compete for binding sites in the ER membrane fusion reaction. Furthermore, when donor and acceptor sive) and 37ЊC (restrictive). Although the same mutations efficiently blocked transport, there is no obvious differmembranes were preincubated with His6-tagged Ufe1p-⌬TM on ice for 10 min, washed, and tested for their ence in ER fusion efficiency compared to wild type, nor is there similarity to the ufe1-1 mutant strain, which ability to fuse with His6-tagged Ufe1p-⌬TM treated or untreated membranes, pretreatment of one membrane completely blocks ER membrane fusion ( Figure 4A ). This suggests that ER membrane fusion does not rely on alone was sufficient to block ER membrane fusion (Figure 3B) . This finding corroborates the idea that Ufe1p known v-SNARES that localize, in part, to the ER. Antibodies raised against the Ufe1p specific v-SNARE participates in an irreversible interaction or binds very tightly to a component on the ER membrane, thus Sec22p did not inhibit the fusion of wild-type ER membranes, further corroborating that the function of the blocking sites that otherwise would be used for binding Ufe1p from the opposite fusing membrane. High salt Ufe1 protein is unique in the ER membrane fusion pathway. washes with 2 M KC 2 H 3 O 2 or 2 M urea were unable to restore fusogenicity to these membranes (data not
We did notice in the bos1-1 mutant that the ER fusion (A) The fusogenicity of ER membranes derived from v-SNARE mutants sec22-1, bet1-1, bos1-1, and ⌬YKT6. Mutant gls1-1 donor membranes were incubated with acceptor membranes derived from temperature-sensitive v-SNARE mutant strains (MLY103 ufe1-1, MLY2601 sec22-1, MLY2603 bet1-1, and MLY2605 bos1-1), a strain depleted for Ykt6p (MLY2610), or derived from a wild-type strain (MLY1600). All strains were grown at the permissive temperature of Figure 3 . Inhibition of ER Membrane Fusion of Wild-Type Mem-24ЊC prior to membrane isolation. Membranes were incubated in branes with Soluble His6-Ufe1p-⌬TM the presence of an ATP regenerating system as described before (A) gls1-1 donor membranes (MLY1601) were incubated with ac-(Latterich and Schekman, 1994) for 45 min and at the temperatures ceptor membranes derived from a wild-type strain (MLY1600) and indicated. the indicated amounts of His 6 -Ufe1p-⌬TM or BSA as nonspecific (B) The fusogenicity of ER membranes derived from Ufe1p interacprotein control. Membranes then were incubated at 30ЊC in the tor mutants sec20-1 and tip20-5. Respective mutant gls1-1 donor presence of an ATP regenerating system for 45 min as described membranes were incubated with acceptor membranes derived from before .
temperature-sensitive mutant strains (MLY103 ufe1-1, MLY2612 (B) gls1-1 donor membranes (MLY1601) and/or acceptor memsec20-1, and MLY2614 tip20-5) or derived from a wild-type strain branes derived from a wild-type strain (MLY1600) were preincubated (MLY1600). Every coordinate represents duplicate fusion assays. with indicated amounts of His6-Ufe1p-⌬TM or buffer alone as negative control. Membranes then were incubated at 30ЊC in the presence of an ATP regenerating system for 45 min as described before . Every coordinate represents dupliis a type II ER membrane protein with an ER lumenal cate fusion assays.
HDEL ER retrieval signal (Sweet and Pelham, 1992) . Tip20p is a peripherally associated ER membrane proefficiency appears slightly reduced as compared to wild tein that binds to Sec20p and that, together with Sec20p, type and the other v-SNARE mutants tested. This defect performs an essential function in retrograde traffic (Sweet is most likely caused by a lack of stability of bos1-1 and Pelham, 1993). Membranes isolated from sec20-1 membranes during the fusion reaction, since moderand tip20-1 mutant strains that were grown at the perate lysis of membranes could be observed (data not missive temperature of 24ЊC did not exhibit an ER memshown), and not due to a genuine ER fusion defect.
brane fusion defect at 24ЊC or 37ЊC ( Figure 4B ), further Other v-SNARE mutant membranes and, in particular, suggesting that ufe1-1 functions in the fusion of ER ufe1-1 membranes did not lyse during 45 min incubaindependent of its role in retrograde traffic. tions at 37ЊC in the presence of an ATP regeneration system (data not shown). This was determined by assessing the amount of prepro-␣-factor present in trypUfe1p Forms Higher-Order Multimers ufe1-1 is unilaterally defective in ER membrane fusion. sin-treated membranes after these mock incubations.
Since both donor and acceptor membrane compartments are identical (other than the defect in oligosacchaTip20p and Sec20p Are Not Defective for ER Membrane Fusion ride trimming of the formal donor compartment), we would expect that an ufe1-1 defect in only one compart-A fraction of the total Ufe1 protein is complexed with Sec22p, Sec20p, and Tip20p (Lewis et al., 1997) . Sec20p ment will lead to a partial fusion defect at most, if it is indeed bound to a different molecule such as a hypothetical receptor. This is because functional Ufe1p from the nondefective membrane should bind the intact receptor on the ufe1-1 membrane. Since ufe1-1 is unilaterally defective and no known v-SNAREs or other proteins involved in retrograde traffic show a defect in ER membrane fusion under conditions that block vesicular traffic, the simplest explanation is that Ufe1p binds to itself on the opposite membrane. We therefore would expect Ufe1p to have the intrinsic property to form homomultimers. Indeed, when expressing recombinant Ufe1p protein in bacteria, we observed that most if not all Ufe1p expressed as a transmembrane-truncated version forms higher molecular mass complexes that withstand extreme reducing and denaturing conditions and form discrete bands after boiling in SDS and DTT ( Figure  5A ). We noted that the His 6 -tagged protein appeared to migrate on SDS-PAGE gels and on gel filtration columns at a greater molecular mass than the predicted 38 kDa of the His 6 -Ufe1p-⌬TM fusion protein. This apparent size difference is most likely due to a special conformation of the protein or to regions with an unusual charge pattern of the protein. Alternatively, the slightly higher than expected molecular mass could reflect ongoing proteinprotein interactions even under denaturing gel conditions, resulting in a net retardation of migration. When applied to a gel filtration column, the majority of recombinant Ufe1p migrates as a 300 kDa form, which is consistent with the molecular weight of a Ufe1p homohexamer ( Figure 5B, [a] ). This hexamer is stable in the presence of 4 M urea (data not shown). Tween 20 is able to disassociate this homohexamer into a 150 kDa trimeric form ( Figure 5B, [b] ), which is able to form a stable hexamer after dialysis ( Figure 5B, [c] ). Since we used a C-terminal truncation of Ufe1p with the transmembrane membrane-spanning domain deleted (His 6 -Ufe1p-⌬TM), these interactions are not due to hydrophobic interactions of the transmembrane domains and have to involve other regions of the molecule. These fusion. Is it possible that both proteins function in the same pathway either by directly associating or by indirectly interacting in a productive fashion? Multicopy suptemperature of 37ЊC ( Figure 6A ). This reciprocal genetic interaction between CDC48 and UFE1 strongly suggests pression or overexpression suppression is a powerful genetic tool to test if two gene products interact in the that the two proteins function in the same pathway or complex. It is possible that Cdc48p directly or via an same or parallel pathways. We decided to test a putative interaction of Ufe1p with Cdc48p, using a genetic apadapter molecule induces a conformational change of the Ufe1 protein, priming it for a function in membrane proach. When Cdc48p is overexpressed from a GAL1/ 10 promoter, it is able to rescue growth of an ufe1-1 attachment and/or fusion. It is not known at present if this genetic interaction reflects a stable direct associamutant strain at the growth-restrictive temperature of 37ЊC ( Figure 6A ). In a reciprocal experiment, the tempertion between Cdc48p and Ufe1p or if it is more transient and involves adapters such as p47 (Kondo et al., 1997), ature-sensitive cdc48-2 mutation is suppressed by overexpressing Ufe1p, restoring growth at the restrictive which binds p97 to syntaxin 5.
Ufe1p Is Closely Associated with Cdc48p
To identify Ufe1p-associated proteins, we analyzed immunoprecipitates by SDS-PAGE. In purified ER membranes solubilized with 1% TX-100, 1% C 12 E 9 , or 1% CHAPS, both Ufe1p and Cdc48p are detected as prominent bands in precipitates formed with anti-Ufe1 antibody ( Figure 6B ). When membranes were cross-linked with DTSSP prior to solubilization, strong Ufe1p and Cdc48p signals were detected after reduction ( Figures  6B and 6C ). When the noncleavable cross-linker BS 3 was employed, immunoblot signals were detected by both anti-Ufe1p and anti-Cdc48p only at the very high (Ͼ200 kDa) molecular mass range ( Figure 6B , lane 7, and Figure 6C , lane 4). As the expected molecular mass of a linked Ufe1p (41 kDa) and Cdc48p (92 kDa) would be approximately 140 kDa, the higher molecular mass species obtained may indicate that more than one molecule of Ufe1p and Cdc48p participate in this complex. It is also possible that additional proteins participate in this complex and contribute to the high molecular mass obtained after cross-linking. When water-insoluble analogs of DTSSP and BS
3
, DSS and DSP, were used, similar results were obtained (data not shown).
Immunoprecipitations performed with control antibodies, such as anti-Sec61 ( Figure 6B) , and irrelevant antibodies (data not shown) show that only a low level of nonspecific interactions took place in the detergent lysates. Furthermore, cross-linking verifies that the Ufe1p/ Cdc48p complex in detergent-solubilized ER membranes did not form as a consequence of inadequate solubilization. These experiments indicate the close (cross-linker length is 12 nm) proximity of Ufe1p and Cdc48p in ER membranes. Alternatively, Cdc48p could be cross-linked to Ufe1p via an intermediate protein(s) that is in close proximity to both Ufe1p and Cdc48p and probably part of the same complex.
Discussion
This study presents evidence that the ER-localized t-SNARE Ufe1p, which is required for retrograde traffic, also participates in the homotypic fusion of ER membranes. ER membranes isolated from a temperature- 100, and immunoprecipitated with 2 g rabbit anti-Ufe1p as deelectroblotted onto PVDF membranes. Immobilized proteins were scribed above. Lanes 1-6 were probed as above, first with chicken probed with 1 g/ml of chicken anti-Cdc48p. After visualization with anti-Cdc48p, then with chicken anti-Ufe1p. Lanes 7-9 were probed ECL, blots were reblocked in 5% (w/v) nonfat milk in TBS containing with chicken preimmune sera, 2 g/ml. Lanes 1 and 2, as above; 0.05% NaN3 and 0.05% Tween 20 and then reprobed with 2 g/ml lane 3, 10 l of molecular mass standards; positions are shown to chicken anti-Ufe1p. Lane 1, 10 l of membranes solubilized with the left.
membrane. If Ufe1p were to recognize another molecule Cdc48p could then function to dissociate unproductive on the opposite membrane, we would expect to see a t-t-SNARE interactions or recycle t-SNAREs for future unilateral defect in ER membrane fusion activity berounds of fusion. We would then expect to see an accucause intact Ufe1p should be able to interact with its mulation of SDS-insoluble Ufe1p multimers in cdc48 association partner on the ufe1-1 membrane. A good mutants after a shift to the restrictive temperature. Preexample for such a bilateral protein requirement is liminary data suggest that in cdc48-3 mutants after shift Cdc48p, where an in vitro fusion defect is noticed only to the restrictive temperature the amount of SDS-soluble when both membranes originate from a cdc48 mutant Ufe1p is significantly reduced (data not shown). This strain (M. L., unpublished data). Alternatively, the Ufe1-1 finding would be consistent with the idea of Cdc48p protein could be associated with other proteins that being involved in dissociating Ufe1p multimers. Howinteract, and this putative interaction would be diminever, we cannot rule out at present that this observable ished in the ufe1-1 mutant membrane.
reduction in SDS-soluble proteins is due to proteolysis, In addition, several lines of evidence suggest that perhaps because Ufe1p is destabilized or misfolded in Ufe1p does not function in ER membrane fusion by pairthe cdc48-3 mutant. ing to a known v-SNARE but instead most likely binds to Sec22p functions as a v-SNARE in retrograde traffic Ufe1p on the opposite membrane. All known v-SNAREs (Lewis et al., 1997) . A significant fraction of the total that localize in part to the ER do not affect ER fusion cellular Sec22p also localizes to the ER. This raises the when conditionally defective. However, the same mutanext question: why Sec22p is not utilized as a v-SNARE tions exhibit conditional defects in other membrane fuin the ER membrane fusion event, perhaps only requiring sion events that are not related to ER membrane fusion Sec18p and Sec17p for priming of membrane fusion. such as in anterograde and retrograde traffic. The fact
The simplest explanation is that both membrane fusion that Ufe1p is able to form higher multimers is a function events may be subject to differential regulation or have that is consistent with its proposed role in homotypic different protein requirements because the lipid compo-SNARE pairing. Together with data from other laborasition or membrane curvature is different in the fusion tories that show that Ufe1p functions in heterotypic between vesicles and large organelle membranes and membrane docking/fusion of retrograde carriers with between larger and less-curved organelles. For examthe v-SNARE Sec22p and the Sec20p/Tip20p complex ple, Cdc48p may be subject to regulation in a cell cycle- (Lewis and Pelham, 1996; Lewis et al., 1997) , our findings dependent fashion, thus enabling Cdc48p to function in suggest that the same t-SNARE can function in hetero-ER membrane fusion during stages in the cell cycle typic vesicle-mediated fusion events as well as in homowhen ER membrane fusion is particularly necessary, as typic organelle membrane fusion events. In addition, we in the fission of intact nuclear ER. There is evidence that find reciprocal genetic interactions between Ufe1p and Cdc48p is differentially modified by phosphorylation Cdc48p, an ATPase that functions in the Sec18p-indeduring the cell cycle (Madeo et al., 1998) ; however, it pendent ER membrane fusion (Latterich et al., 1995) , as is not known at present if this modification results in well as a direct physical association between Cdc48p differential activity for the fusion of ER membranes. Aland Ufe1p. We conclude that the Ufe1 protein can act ternatively, Sec18p and Cdc48p may interact differently in the capacity of a heterotypic as well as homotypic with membranes dependent on whether a vesicle is membrane fusion SNARE molecule dependent on if it docked or two entire organelle fragments are in proximassociates with a v-SNARE or another t-SNARE.
ity. It is possible that, should both Sec18p and Cdc48p We were able to rule out the alternative explanation interact with Ufe1p, they would induce differential changes that the ufe1-1 ER membrane fusion defect is caused to the molecule that prime them for interaction with by a recycling defect for a protein essential for ER memeither Sec22p and associated complex members or brane fusion that escapes the ER and accumulates in Ufe1p from the opposite membrane. the Golgi. First, ufe1-1 is in vitro conditionally defective
In the light of our results, it is interesting to note that in ER membrane fusion. Since we do not reconstitute the previously characterized yeast vacuole membrane retrograde or anterograde traffic in the fusion assay, a fusion requires a v-SNARE, a t-SNARE, Sec18p, and defect in recycling of an essential component cannot Sec17p, but not Cdc48p (Mayer et al., 1996) . However, account for the in vitro defect. Second, other mutants in in vitro isolated vacuoles, which have only the Vam3p that have a retrograde trafficking defect, such as sec22-1, t-SNARE (Darsow et al., 1997) but not the corresponding sec20-1, and tip20-5, are not defective in ER membrane v-SNARE localized on the cytoplasmic side of the vacufusion, ruling out that a simple recycling defect is reole membrane, vacuole fusion is observable, albeit at sponsible for the ufe1-1 defect in ER membrane fusion.
25% efficiency compared to that of wild-type vacuoles Why does the same Ufe1 protein function in different (Nichols et al., 1997) . It should be interesting to see if membrane fusion events, namely the heterotypic fusion the v-SNARE-independent fusion of vacuoles in that of retrograde vesicles with the ER and the homotypic particular case can be enhanced by adding Cdc48p or a fusion of ER membranes? Both fusion events appear to close homolog to the reaction. Alternatively, the Sec18p have little in common as far as other protein requireand v-SNARE requirements in vacuole membrane fusion ments are concerned, because retrograde traffic most could merely reflect a requirement for a constitutive likely requires Sec18p and Sec17p whereas the homomembrane fusion event that may not be subject to regutypic fusion of ER membranes in yeast is Sec18p and lation, as opposed to a perhaps regulated homotypic Sec17p independent and requires Cdc48p. The homoassembly of ER or Golgi that require Cdc48p and p47/ typic multimerization of a t-SNARE, such as the organp97, respectively. It is formally possible, however, that elle-specific Ufe1p, would be the simplest form of interaction to ensure that the same type of membranes fuse.
there might be a yet unidentified v-SNARE participating p97 fusion-related complexes could result in different Based on our experimental data and that of others conformations of the t-SNARE involved, predestining (Rabouille et al., 1998 [this issue of Cell]), we propose it to interact with another v-SNARE or, alternatively, a the following model for the fusion of membranes with t-SNARE of the same kind. Alternatively, if NSF and now identical membranes (organelle membrane fusion) or p97 function in aiding the association or disassociation that of other membranes (vesicular transport) (Figure of productively paired v-t-SNAREs or t-t-SNAREs, these 7). A retrograde carrier displaying a v-SNARE on the molecules could in principal carry out a very similar membrane surface will recognize and bind the ER-localfunction via their specific adapter molecules ␣-SNAP ized t-SNARE Ufe1p either immediately before or after and p47. Sec17p and Sec18p are recruited to the SNARE complex as a prelude to retrograde carrier fusion. An ER fragment
Experimental Procedures
recognizes and binds to the same membrane via the Strains and Antibodies t-SNARE Ufe1p. This interaction will require the recruitStrains used in this study have been described elsewhere (Latterich ment of a different adapter necessary to recruit Cdc48p Latterich et al., 1995) or were constructed to the membrane or will directly require Cdc48p in a using standard yeast genetics. Affinity purified rabbit anti-Ufe1p prelude to ER membrane fusion. The use of the same antibodies raised against recombinant Ufe1p and the ufe1-1, syntaxin homolog in both heterotypic and homotypic sec20-1, and tip20-1 mutant strains were a kind gift from Mike Lewis membrane fusion indicates a similar SNARE requireand Hugh Pelham. The plasmid expressing His 6 -tagged prepro-␣-factor, affinity purified rabbit anti-Sec61p antibodies, and the ment for vesicle and organelle membrane fusion. The sec22-1, bet1-1, and bos1-1 strains were a kind gift from Randy differential requirement for Sec18p in heterotypic and Schekman. The construction of strain ⌬Ypt6p pGAL1/10::YKT6 will the requirement for Cdc48p in homotypic membrane be described elsewhere (M. Stelzer and M. L., unpublished data). fusion may reflect a different recognition site for the Ykt6p was depleted by shifting the strain to medium lacking galacATPases and adapters for the pairing of two t-SNAREs tose, thus shutting off expression of Ykt6p, a condition that blocks versus the pairing of a v-and a t-SNARE. Alternatively, transport. ER membranes were isolated 8 hr after the shift to the the ATPases may be subject to differential regulation.
cleavable analog Dithiobis(sulfosuccinimidyl propionate) (DTSSP) [pH 6.8], 150 mM KC2H3O2, 5 mM MgC4H6O4, 250 mM sorbitol) containing the cross-linkers BS 3 or DTSSP to a final concentration of and the water insoluble analogs disulfosuccinimidyl suberate (DSS) and Dithiobis(succinimidyl propionate) (DSP) were from Pierce 1 mM. Membranes that were not treated with cross-linker were resuspended with B88 and left in ice. After 30 min at room tempera-(Rockford, IL). Polyoxyethelene(9) lauryl ether (C 12 E 9 ) was from Sigma. Triton X-100 (TX-100; octylphenoxy polyethoxyethanol) and ture, reaction was stopped by incubating for 5 min with 50 mM Tris-HCl (pH 8.0). Membranes were pelleted in a microfuge (5 min, CHAPS were from Calbiochem (La Jolla, CA). SDS was from Bio-Rad (Hercules, CA). The protease inhibitors leupeptin, PMSF, chymo-10000 ϫ g) and resuspended in Tris-buffered saline (20 mM TrisHCl [pH 7.4], 150 mM NaCl) (TBS), in the presence of (final concentrastatin, and pepstatin A were from Calbiochem. All other chemicals and reagents were purchased from Sigma, Calbiochem, or Boehtions) 0.25 mM leupeptin, 2 mM PMSF, 0.01 mM chymostatin, and 0.01 mM pepstatin A. After 5 min, the indicated detergents were ringer Mannheim.
added to the desired concentration (v/v), and the tubes were transferred onto ice for 2 hr, mixing occasionally.
Expression of Recombinant, Affinity Tagged Ufe1p Fragment
Immunoprecipitation, SDS-PAGE, and immunoblotting were perWe chose to express a transmembrane-truncated version of Ufe1p formed essentially as described by Indig et al., 1997. When a preto aid solubility and avoid nonspecific association of the protein viously probed blot was reprobed, the immunoblot was treated with during the multimerization studies. The His6-Ufe1p-⌬TM protein was 0.05% (w/v) NaN3 for 1 hr, and absence of signal was verified by expressed in E. coli SG13009 pREP4 as an insertion of the trans-ECL before addition of primary antibody. membrane-less UFE1 gene into the BamHI and HindIII site of plasmid pQE30 (Quiagen) (pML44) in accordance with the manufacturers manual. The authenticity of plasmid p44 was verified by dideoxy
